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Based on previous studies of dicistronic polioviruses carrying two internal ribosomal entry sites (IRESes), we performed
a novel experiment of IRES scanning through a polypeptide by inserting sequentially the IRES of encephalomyocarditis virus
into the open reading frame (ORF) of the poliovirus polyprotein at selected 3Cpro-specific Q*G cleavage sites. No cytopathic
effects were observed after transfection of HeLa cells with any of the dicistronic constructs, and no virus was recovered. In
vitro translation of the dicistronic RNA transcripts in HeLa cell-free extracts revealed that multiple defects in the processing
of the P2–P3 domain of the polyprotein is the primary reason for the lethal phenotypes. Surprisingly, the interruption of
3Cpro-catalyzed cleavages downstream of 2C interfered with the 2Apro-catalyzed, primary cleavage between P1 and P2. In
contrast, insertion of a foreign coding sequence (V3 loop of human immunodeficiency virus type 1 gp120) into the ORF of the
polyprotein at the 2C–3A junction yielded a viable virus that appeared to be genetically stable over several passages. The
results of these experiments, which are generally applicable to analyses of viral polyproteins or multidomain polypeptides,
suggest that processing of the P2–P3 domain by 3C–3CDpro is rapid and accurate only in the context of the unperturbed
P2-P3 precursor; this is consistent with cleavages occurring in cis. Moreover, an intact 2C–3A precursor is not required for
viral proliferation. © 1998 Academic Press
INTRODUCTION
Poliovirus is a member of Picornaviridae, a family of
nonenveloped plus-stranded RNA viruses. The genome
of poliovirus is ;7500 nucleotides (nt) long, with a small
protein, VPg, covalently attached to its 59 end (Lee et al.,
1977) and a polyadenylate tail at its 39 end (Yogo and
Wimmer, 1972). The RNA contains a long 59-nontrans-
lated region (NTR), a single large ORF, and a short
39-NTR (Kitamura et al., 1981). Translation is initiated
within the 59-NTR, yielding a large polyprotein that can
be divided into three distinct regions composed of struc-
tural (P1) and nonstructural (P2–P3) proteins (Fig. 1A)
(Kitamura et al., 1981; Rueckert and Wimmer, 1984). Ex-
cept for the maturation cleavage between VP4 and VP2
(Harber et al., 1991), the polyprotein is processed by two
virus-encoded proteinases, 2Apro and 3C–3CDpro, yield-
ing a variety of precursor and end-product proteins (Har-
ris et al., 1990; Hellen et al., 1989; Lawson and Semler,
1990, 1992). Eight Q–G pairs in the polyprotein are
cleaved by 3Cpro, its precursor 3CDpro, or both, an activity
mapping to the P3 region (Fig. 1A, a; Hanecak et al.,
1982; Harris et al., 1992 Jore et al., 1988; Semler et al.,
1981a, 1981b; Ypma-Wong et al., 1988). One essential
Y–G pair located between the capsid precursors P1 and
P2 is cleaved by proteinase 2Apro, an enzyme mapping to
the N terminus of the P2 region (Hellen et al., 1992;
Toyoda et al., 1986 ). Another, nonessential 2Apro-medi-
ated cleavage occurs within the P3 region, yielding 3C9
and 3D9 (Lee and Wimmer, 1988).
Picornaviruses contain unusually large 59-NTRs that
occupy ;10% of the genome length. In poliovirus the
59-NTR is 743 nt (Dorner et al., 1982; Kitamura et al., 1981;
Racaniello and Baltimore, 1981); in another picornavirus,
encephalomyocarditis virus (EMCV), it is 843 nt long
(Palmenberg, 1984). These 59-NTRs contain highly struc-
tured regions, called IRESes, which promote cap-inde-
pendent translation of the viral genome (Jang et al., 1988,
1989; Pelletier and Sonenberg, 1988, 1989). Based on
properties of sequences and folding, picornavirus IRES
elements have been divided into two types. The entero-
virus and rhinovirus IRESes belong to type 1, whereas
the aphtovirus and cardiovirus IRESes are type 2 (Wim-
mer et al., 1993). For EMCV, the borders of the IRES have
been mapped to enclose ;400 nt (Jang and Wimmer,
1990). Recently we have inserted the EMCV IRES ele-
ment into the coding sequence of the ORF of poliovirus at
the Q*G cleavage site between P1 and P2 (Molla et al.,
1992). The construct contained a termination codon at
the 39 end of the P1 coding region, whereas translation of
the P2 region was initiated by the AUG codon of the
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YnXmAUG motif of the EMCV IRES (Jang et al., 1990). On
infection of HeLa cells, the T7 RNA transcripts of such a
dicistronic construct yield viable virus expressing a small
plaque phenotype. The same type of dicistronic con-
struct containing the EMCV IRES at the Q*G cleavage
site between 2A and 2B also produced a viable virus with
impaired protein synthesis and a small plaque pheno-
type (Molla et al., 1993). These data showed that neither
the P2 nor the 2AB precursors are essential for viral
replication (Molla et al., 1993). Here we report an appli-
cation of this strategy in dissecting the poliovirus
polyprotein by the insertion of the EMCV IRES at the
3Cpro-specific Q*G cleavage sites of the 2BC–P3 domain,
a strategy that we have called “IRES scanning.” The
FIG. 1. Schematic representation of constructs used in this study. (A) Genetic organization of poliovirus and its variants with insertions of the EMCV
IRES between genes for nonstructural proteins. Shown is the genetic content of the hypothetical viruses: the 59-NTR and the 39-NTR with the poly(A)
tail are indicated with solid lines. The boxed regions contain the ORF; P1 is the precursor of the capsid proteins (VP1, VP2, VP3, and VP4), and P2
(2A, 2B, and 2C) and P3 (3A, 3B, 3C, and 3D) are the precursors of the nonstructural proteins. Vertical lines inside the boxes show the 3Cpro-specific
Q*G cleavage sites except the one between P1 and P2, which is a 2Apro-specific Y*G cleavage site. The EMCV IRES is shown with a horizontal dotted
line, and the V3 sequences are indicated with a bold line. (Left) The cDNA plasmids contain a T7 promoter for the synthesis of mRNA transcripts,
which are used for transfection of HeLa cells and testing for viable viruses. Plasmids: a, wild-type poliovirus cDNA sequences, pT7XL2 and pT7PVM;
b and x, dicistronic constructs described previously (Molla et al., 1992, 1993) containing the EMCV IRES in the Q*G site between VP1 and 2Apro and
between 2Apro and 2B, respectively; d, e, f, g, and h, EMCV IRESes inserted at the following junctions, 2B–2C, 2C–3A, 3A–3B, 3B–3C, and 3C–3D,
respectively; i, HIV-1 gp120 V3-coding sequences inserted between 2C and 3A (see Fig. 1B); w, EMCV IRES is inserted between duplicate 3B
sequences. Viability and nonviability are indicated with 1 and 2, respectively. Processing abnormalities indicate those Q*G sites whose cleavage
is most noticeably reduced during in vitro translation compared with processing of the wild-type polyprotein. (B) Insertion of the HIV-1 gp120 V3-coding
sequence between 2C and 3A. The amino acid sequence of the insertion between 2C and 3A containing the V3 sequences (bold) is shown enlarged.
Nucleotides coding for four amino acids (GPGS) were inserted upstream of the V3 sequences to recreate a 3C–3CDpro cleavage site (*) and add a
BamHI restriction site. Nucleotides coding for seven amino acids (EFEALFQ) were added downstream of the V3 sequences to add an EcoRI restriction
site and to insert a new 3C–3CDpro cleavage site. Five of the amino acids (EALFQ) were the same as the C-terminal 2C sequences, but to minimize
the possibility of genetic recombination, three nucleotide changes were made in the coding sequence as indicated (underlined).
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purpose of genetic dissection of the polyprotein was to
determine which viral gene products (2B, 2C, 3A, 3B,
3Cpro, 3Dpol) had essential functions as precursors, such
as 2BC, 2C–3A, 3AB, 3BC, and 3CDpro and to analyze
aspects of proteolytic processing of a large viral polypro-
tein.
Surprisingly, our results indicate that interruption of the
polyprotein by the EMCV IRES anywhere in the 2BC–P3
region interferes with viral growth. Two different effects
of IRES insertion might result in null phenotypes: first, the
elimination of precursor polypeptides and, second, ab-
errant processing of the P2–P3 domain of the genetically
separated polyproteins by 3C–3CDpro. The latter hypoth-
esis was tested by the insertion of a small foreign coding
sequence [V3 loop of human immunodeficiency virus
(HIV-1) gp120] between 2C and 3A into the ORF of the
poliovirus polyprotein. The RNA transcript of such a con-
struct, which was translated into a single chimeric
polypeptide, processed by 3C–3CDpro, yielded a viable
and genetically stable virus. The data also show that an
intact 2C–3A precursor has no essential function in the
viral life cycle. A most surprising result was that disrup-
tion of the polyprotein downstream of the 2B coding
region interfered with the primary cleavage event be-
tween 2Apro and P1. This observation has lead to a
reassessment of the timing of the primary cleavage in
poliovirus polyprotein processing.
RESULTS
Construction of dicistronic poliovirus cDNAs
In all of the dicistronic poliovirus constructs described
here, the ORF of the poliovirus polyprotein was inter-
rupted by the insertion of the EMCV IRES at 3Cpro-
specific Q*G cleavage sites (Fig. 1A, d, e, f, g, h, and w).
Two termination codons terminated the translation of the
upstream ORF, a genetic unit expressed under the con-
trol of the poliovirus IRES. Synthesis of the downstream
protein was initiated by the AUG codon of the EMCV
IRES that initiates the EMCV ORF (Jang and Wimmer,
1990; Palmenberg, 1984).
Translation of dicistronic RNAs
The monocistronic and dicistronic plasmid DNA con-
structs containing the T7 promoter were transcribed by
T7 RNA polymerase (van der Werf et al., 1986). In vitro
translations of the mRNAs in HeLa cell-free extracts
(Molla et al., 1991) were used to check whether the
constructs produced the expected polypeptides encoded
by the two separate ORFs. As can be seen in Fig. 2, the
pattern of in vitro translation and polyprotein processing
programmed with wild-type transcript RNA, derived from
pT7XL2 DNA (lane 2), was very similar to that obtained in
vivo after PV1(XL2) infection of HeLa cells (lane 1). Al-
though the efficiency of translation was not significantly
effected, an unexpected processing pattern in the P2–P3
region was observed after translation of the dicistronic
RNAs derived from pT7XL2E2C or pT7XL2E3A DNA
(lanes 3 and 4). With the exception of normal processing
of the P1 domain (yielding VP0, VP1, and VP3), the trans-
lation products of XL2E2C RNA were poorly processed.
This was particularly apparent by the near absence of
2A, 2BC, 3AB, 3C9, and 3D9, and an accumulation of
3BCD and 2AB (lane 3). The aberrant precursors, 3BCD
and 2AB were identified by immunoprecipitation with
a3Dpol and a2A antibodies, respectively (data not
shown). Disruption of the polyprotein at the 2C–3A junc-
tion (translation of XL2E3A RNA; Fig. 1A, e) also resulted
in reduced processing of 3BCD and P2 compared with
the wild type (Fig. 2, lane 4), and low yields of 2A, 2C,
3AB, 3C9, and 3D9 were found. Although the P1 precursor
was processed correctly after 16 h of incubation to VP0,
VP1, and VP3, an observation indicating precise 3C–
FIG. 2. Translations of monocistronic and of dicistronic mRNAs (P2
region) in HeLa cell-free extracts. In vitro translations were carried out
with transcript RNAs derived from the given plasmid DNAs. (Lane 1)
PV1(XL2)-infected HeLa cell lysates labeled with [35S]Translabel. (Lane
2) pT7XL2. (Lane 3) pT7XL2E2C. (Lane 4) pT7XL2E3A. Aliquots taken
16 h after the onset of translation were analyzed on an SDS–15%
polyacrylamide gel.
243IRES SCANNING OF THE POLIOVIRUS POLYPROTEIN
3CDpro activity, the P2 precursor, harboring two 3C–3CDpro
cleavage sites, remained largely uncleaved (lane 4).
An examination of the time course of translation of
XL2E3A RNA and the subsequent cleavage events
yielded further interesting, albeit totally unexpected, pro-
cessing abnormalities (Fig. 3, lanes 12–16). Previous
studies have shown that the fastest cleavage of the
poliovirus protein occurs between P1*P2–3, an event
catalyzed by 2Apro (Harris et al., 1990; Hellen et al., 1992;
Toyoda et al., 1986). Therefore in translations of wild-type
RNA, one of the first cleavage products is the capsid
precursor P1, whereas larger precursors are present only
in very small amounts (Fig. 3, lane 3). In contrast, during
the first 7 h of translation of XL2E3A RNA, an accumula-
tion was observed of processing precursors much larger
than P1 (lanes 12–15). Immunoprecipitation identified the
largest of these precursors as a polyprotein consisting of
domains P1–P2 (data not shown). This large polyprotein
is eventually processed to P1 (yielding VP0, VP1, and
VP3) plus P2, with the latter remaining largely uncleaved
(lane 16). This phenomenon is discussed later.
Severe processing defects also were apparent in
translations of dicistronic poliovirus RNAs (Fig. 4, lanes
3–5) in which the ORF of the P3 region of the polyprotein
was disrupted by insertion of the EMCV IRES into the
3C–3CDpro cleavage sites between 3A*3B (pT7PVE3B),
3B*3C (pT7PVE3C), and 3C*3D (pT7PVE3D) (Fig. 1A). At
early times during translation, again large precursors are
present, which are slowly processed to the final protein
products (Fig. 5, lanes 2–16). Of all the constructs, the
FIG. 3. Time course of appearance of poliovirus-specific proteins during translations of wild-type mRNA and those mRNAs with insertions between
2C and 3A. In vitro translations were carried out in HeLa cell-free extracts in the presence of [35S]Translabel, with transcript RNAs derived from the
given plasmid DNAs. At 1, 3, 5, 7, and 24 h after the start of translation, aliquots were removed and stored at 280°C. The samples were analyzed
on an SDS–12.5% polyacrylamide gel. (Lane 1) PV1(XL2)-infected HeLa cell lysate labeled with [35S]Translabel. (Lanes 2–6) pT7XL2. (Lanes 7–11)
pT7XL2CV3A. (Lanes 12–16) pT7XL2E3A.
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most severely impaired events of processing were ob-
served when the polyprotein was interrupted between
3A and 3B (pT7PVE3B). The accumulation of unusual
intermediate polyproteins is apparently due to poor pro-
cessing at the junctions of 2B–2C, 2C–3A, and 3B–3C
(Fig. 4, lane 3, and Fig. 5, lanes 2–6). These polypeptides
were further characterized by immunoprecipitation with
monoclonal antibodies to 3Dpol, 2C, and 3AB (Fig. 6,
lanes 7–9) and compared with those obtained from wild-
type RNA translation (lanes 3–5). These aberrant unproc-
essed protein precursors are likely to be 2C–3A (47 kDa),
2BC–3A (58 kDa), 2ABC–3A (75 kDa), and 3BCD (76 kDa).
Interruption of the polyprotein at the 3B–3C junction had
less detrimental effects on processing at both early and
late stages of translation (Fig. 4, lane 4, and Fig. 5, lanes
7–11) but with a prominent new band, likely to be 2BC–
3AB (60 kDa), and low yields of 3AB.
Similar processing abnormalities were observed dur-
ing translation of an RNA transcript (PV3BE3B) derived
from a construct into which a second VPg sequence was
inserted flanking the EMCV IRES at the 59 terminus (Fig.
4, lane 6). Insertion of the EMCV IRES between 3C and
3D (pT7PVE3D) eliminated proteolytic processing of the
capsid precursor P1 even though active 3Cpro capable of
generating 2Apro or 2C was produced (Fig. 4, lane 5).
Only after incubation for as long as 24 h was some weak
cleavage of P1 seen (Fig. 5, lanes 12–16). This observa-
tion lends very strong support to previous conclusions
that cleavage of P1 is predominantly, albeit not neces-
sarily exclusively, catalyzed by 3CDpro and not by 3Cpro
(Jore et al., 1988; Ypma-Wong et al., 1988). The aberrant
products observed during translation of all the dicistronic
constructs (Fig. 1A, d, e, f, g, h, and w) suggest that
processing the 2BC–P3 domain by 3C–3CDpro is ineffi-
cient in trans.
Transfection of dicistronic RNAs
To determine the viability of the dicistronic poliovirus
RNAs, we transfected HeLa cell monolayers with RNA
transcripts derived from three independently isolated
clones of cDNA constructs d, e, f, g, h, and w (Fig. 1A).
Incubation of HeLa cell monolayers with wild-type RNA
transcripts derived from pT7XL2 or pT7PVM cDNAs gave
rise to a cytopathic effect (CPE) 18–22 h posttransfection.
No CPE could be observed even after several days with
any of the dicistronic RNAs tested, and no virus was
detected on attempts to expand in fresh HeLa cell mono-
layers viable variants that may be present in lysates of
transfected cells. We conclude that the insertion of the
IRES in constructs d, e, f, g, h, and w (Fig. 1A) is lethal.
Experiments to test whether any of these constructs also
have defects in RNA replication were not carried out.
Insertion of a foreign coding sequence into the
poliovirus ORF
Interruption of the polyprotein at the 2C–3A junction
was not expected to be lethal to viral growth because
precursors containing 2C–3A are not normally present in
lysates of poliovirus-infected cells. Indeed, based on
biochemical data of in vivo labeled poliovirus proteins, it
was originally thought that 2C is encoded by a separate
cistron (Abraham and Cooper, 1975). On the other hand,
the nonviable phenotype of XL2E3A indicated that either
the intact 2C–3A precursor is essential, if only for a very
short time, or that two separate polyproteins, P2 and P3,
cannot produce the cleavage products necessary for
proliferation. To differentiate between these two possi-
bilities, we inserted a small foreign ORF into the cleav-
age site between 2C*3A, engineering at each end of this
ORF a suitable 3C–3CDpro cleavage signal. The foreign
ORF was the coding region of the highly antigenic V3
loop of HIV-1 gp120 (Pollard et al., 1992). Together with
FIG. 4. Translations of monocistronic and dicistronic mRNAs (P3
region) in HeLa cell-free extracts. In vitro translations were carried out
with transcript RNAs derived from the given plasmid DNAs. (Lane 1)
PV1(PVM)-infected HeLa cell lysates labeled with [35S]Translabel.
(Lane 2) Wild type, pT7PVM. (Lane 3) pT7PVE3B. (Lane 4) pT7PVE3C.
(Lane 5) pT7PVE3D. (Lane 6) pT7PV3BE3B. Aliquots taken 16 h after the
onset of translation were analyzed on an SDS–12.5% polyacrylamide
gel.
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the cleavage sites, the foreign ORF consisted of 47 extra
amino acids (Figs. 1A, i, and 1B).
Translation of the chimeric poliovirus RNA (XL2CV3A)
in vitro revealed, surprisingly, that large precursors had
accumulated (Fig. 3, lanes 7–11) that were similar in size
to those observed in translations of XL2E3A RNA (lanes
12–16). On the other hand, prolonged incubation of
XL2CV3A RNA yielded processing products similar to
those of wild-type translation products (lanes 2–6), an
observation suggesting that the insertion may have in
part remedied the defects observed in the processing of
the XL2E3A translation products. Attempts to identify the
V3 peptide in the translation mixtures have failed, prob-
ably due to its small size and susceptibility to proteolytic
digestion.
Replication of chimeric RNA in HeLa cells
Transfection of XL2CV3A transcript RNA into HeLa cell
monolayers produced CPE with a delay of 4–6 h com-
pared with wild-type transcript poliovirus RNA. Viable
chimeric virus (W1-P1,2/V3/P3) was recovered from cell
lysates, passaged five times on HeLa cells, and studied
further. Single-step growth experiments (Fig. 7A) showed
FIG. 5. Time course of appearance of poliovirus-specific proteins during translations of dicistronic RNAs derived from the P3 region of the
polyprotein. In vitro translations in HeLa cell-free extracts were carried out with transcript RNAs derived from the given plasmid DNAs. Aliquots were
removed at 1, 3, 5, 7, and 24 h after the start of reaction and analyzed on an SDS–12.5% polyacrylamide gel. (Lane 1) PV1(PVM)-infected HeLa cell
lysate labeled with [35S]Translabel. (Lanes 2–6) pT7PVE3B. (Lanes 7–11) pT7PVE3C. (Lanes 12–16) pT7PVE3D.
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that the variant virus had replication properties similar to
that of wild-type poliovirus, whereas the plaque size was
slightly smaller (Fig. 7B). The pattern of polyprotein pro-
cessing in W1-P1,2/V3/P3-infected cells was nearly iden-
tical to that of wild-type poliovirus (Fig. 8, compare lanes
2 and 1), although processing of P2 of the chimeric virus
appeared to be less efficient than in wild-type virus-
infected cells (lanes 3 and 4).
Genetic stability of W1-P1,2/V3/P3
To determine whether W1-P1,2/V3/P3 had retained
some or all of its V3-specific insert during passage in
HeLa cells, total cytoplasmic RNA of W1-P1,2/V3/P3-in-
fected HeLa cells was subjected to reverse transcription–
polymerase chain reaction (RT–PCR) analyses, using
primers specific for sequences inside 2C and 3A. As
markers, PCR analysis was carried out with pT7XL2 DNA
and RT–PCR analysis with the corresponding RNA tran-
script, yielding in both cases product DNA of the pre-
dicted length of 242 bp (Fig. 7C, lanes 2 and 3, respec-
tively). PCR with pT7XL2CV3A DNA carrying the V3 insert
yielded a band of 383 bp (lane 4). RT–PCR of two RNA
preparations of two independent W1-P1,2/V3/P3 infec-
tions yielded bands of the same length (lanes 5 and 6).
FIG. 6. Identification of aberrant proteolytic processing products by immunoprecipitation. Transcript RNAs derived from pT7PVM and pT7PVE3B
plasmid DNAs were translated in vitro in HeLa cell free extracts, and aliquots of each translation reaction were immunoprecipitated with a3Dpol, a2C,
or a3AB antibodies. The untreated and immunoprecipitated samples were analyzed on an SDS–12.5% polyacrylamide gel. (Lane 1) PV1(PVM)-infected
HeLa cell lysates labeled with [35S]Translabel. (Lanes 2–5) Translation of pT7PVM RNA, untreated, immunoprecipitated with a2C, a3AB, and a3Dpol
antibodies, respectively. (Lanes 6–9) Translation of pT7PVE3B RNA, untreated, immunoprecipitated with a3Dpol, a2C, and a3AB antibodies,
respectively.
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Finally, RNA isolated from W1-P1,2/V3/P3-infected
cells 7 h p.i. was directly subjected to nucleotide se-
quencing, and the pattern was compared with RNA se-
quences obtained from wild type-infected cells. It was
found that the fifth-passage W1-P1,2/V3/P3 virus retained
the entire sequence specifying V3 and the flanking 3C–
3CDpro cleavage sites (data not shown).
DISCUSSION
Genetic dissection of a protein by inserting an IRES
into the ORF can serve to study the relationship between
domain structure and function. We applied this novel
strategy in the analysis of an RNA virus polyprotein
known to harbor different domains. The functions of
individual domains in these polyproteins are uniquely
activated through proteolytic cleavage events catalyzed
by proteinases, the latter being components of the
polyprotein itself (Hellen et al., 1989). Because RNA vi-
ruses in general, and those encoding polyproteins in
particular, exist under conditions of genetic austerity
(Wimmer et al., 1993), precursor polypeptides in the pro-
teolytic processing cascade may perform functions dis-
tinct from that of their cleavage end products. This phe-
nomenon enriches the menu of useful polypeptides de-
rived from limited starting material.
We have previously shown that two domains of the
poliovirus polyprotein can be separated by IRES inser-
tion without loss of viral proliferation. The choice of the
EMCV IRES was governed by its sequence that is het-
erologous to that of the poliovirus genome, a fact that
made its deletion by homologous recombination unlikely.
Specifically, the insertion of the EMCV IRES into the
2Apro-specific cleavage site at P1*P2–3 (Molla et al.,
1992) or into the 3C–3CDpro-specific cleavage site at
P1–2A*2BC–P3 (Molla et al., 1993; see Fig. 1A, b and x)
has yielded two viable, dicistronic viruses that were
genetically quite stable, but they expressed a small
plaque phenotype (Borman et al., 1994; Molla et al., 1992,
1993).
We have extended these studies and inserted the
EMCV IRES into all five 3C–3CDpro cleavage sites down-
stream of 2A*2B, a strategy that we call “IRES scanning”
(Fig. 1A, d, e, f, g, and h). We anticipated that viable virus
could be derived from at least two of the dicistronic
constructs (XL2E3A and PVE3C), in which the IRES in-
sertions did not disrupt the coding sequence of essential
precursors (2C–3A, 3B–3C). Surprisingly, all constructs
were lethal and revealed severe defects in the process-
plasmid cDNAs pT7XL2 and pT7XL2CV3A. (Lane 1) DNA marker VI
(Boehringer-Mannheim). The size of DNA fragments (in bp) is shown
from the top of gel: 2176, 1766, 1230, 1033, 653, 517, 453, 394, and 298.
(Lane 2) pT7XL2 DNA. (Lane 3) Viral RNA derived from pT7XL2 DNA.
(Lane 4) pT7XL2CV3A DNA. (Lanes 5 and 6) Viral RNAs derived from
two independent clones of pT7XL2CV3A DNA.
FIG. 7. (A) One-step growth curves of PV1(XL2) and W1-P1,P2/V3/P3
viruses. HeLa cell monolayers (5 3 106) were infected with wild-type
PV1(XL2) and chimeric (W1-P1,P2/V3/P3) viruses at an m.o.i. of 10. The
infected cells were harvested at the indicated time points, and the virus
titers of the lysates were determined. (B) Plaque assay of PV1(XL2) and
W1-P1,P2/V3/P3 viruses. Virus derived from transcript RNA of
pT7XL2CV3A plasmid DNA was passaged five times on HeLa cell
monolayers. This virus, W1-P1,P2/V3/P3, and wild-type PV1(XL2) were
used for plaque assays. (C) RT–PCR analysis of viral RNAs derived from
pT7XL2 and pT7XL2CV3A plasmid cDNAs. Virus stocks derived from
two independent cDNA clones of pT7XL2CV3A were passaged five
times on HeLa cell monolayers. These stocks along with PV1(XL2) virus
were used to infect HeLa cell monolayers (5 3 106). At 7 h p.i., the cells
were harvested and lysed, and total cellular RNA was isolated and
used for RT–PCR analysis. As controls, PCRs were carried out with
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ing of the P2–P3 polyprotein in in vitro translations (Molla
et al., 1991). Aberrant processing is particularly striking in
the case of XL2E3A, in which the P2 domain was sepa-
rated from the P3 domain. In vivo, cleavages between
P2*P3 occur very fast, an observation that led originally
to the erroneous hypothesis that 2C originates from a
special cistron (Abraham and Cooper, 1975). Subse-
quently, it was speculated that the P2 region may be
processed in trans, just like the P3 region by 2Apro to
yield 3C9 and 3D9 (Lee and Wimmer, 1988). However, we
have shown here that the P2 polypeptide generated from
P1*P2 by 2Apro cleavage is extraordinarily stable to sub-
sequent processing by the 3C–3CDpro proteinase en-
coded in the P3 polypeptide (Figs. 2 and 3).
The mechanism of poliovirus polyprotein processing is
poorly understood. Available evidence suggests that the
polyprotein is cleaved in cis at the P1*2A–2BC–P3 site by
2Apro (Toyoda et al., 1986) at its N terminus, that is,
intramolecularly (Hellen et al., 1992). It is also known that
3CDpro processes the P1 precursor in trans (Ypma-Wong
et al., 1988), a result confirmed in this study (Fig. 4, lane
4), but the mechanisms of the cleavages within the
P2–P3 polyprotein are obscure. Lawson and Semler
(1990, 1992) proposed that the cascade of proteolytic
processing of the P2–P3 polyprotein may differ depend-
ing on whether the precursor is membrane associated.
Their data suggested that processing of membrane-
bound precursors occurred first at the 2A*2B site, fol-
lowed by cis-cleavages of the remainder of the polypro-
tein, whereas the more rarely occurring primary cleav-
age at the P2–P3 junction may be “cytoplasmic,” leading
to slow processing of P2 in trans. Data obtained from
previous experiments in which the poliovirus polyprotein
was altered within the P2–P3 region have been inter-
preted to mean that the cleavages within the P2–P3
domains occur in cis (Cao et al., 1993; Cao and Wimmer,
1996; Giachetti et al., 1992; Kuhn et al., 1988; Paul et al.,
1994). The data described here show that rapid and
accurate processing of the 2B–2C–3A–3B–3C–3D pre-
cursor requires that the entire polypeptide chain fold into
a large structure. Separation of any of these domains
from the large structure results in aberrant cleavage. On
the other hand, “relinking” the domains through the in-
sertion of a foreign linker peptide, as in XL2CV3A, ap-
pears to allow cis interaction of the domains of the
precursor polypeptide and, possibly, cis-cleavage.
Derangement of the processing pathway is most se-
vere if the polyprotein is separated into distinct polypep-
tides by IRES insertion. The lack of a number of essential
mature replication proteins is likely to interfere with RNA
synthesis and result in the observed lethal phenotype of
the dicistronic constructs. It should be pointed out that
there are alternative explanations for the data. For exam-
ple, a misfolded polypeptide would also be expected to
have a detrimental effect on trans cleavages, if any took
place.
We have previously shown that insertion of a peptide
of 22 amino acids, specifying VPg, into the 3A*3B cleav-
age site of the poliovirus polyprotein leads to quasi-
infectious RNA; that is, this insertion is not compatible
with viral proliferation (Cao et al., 1993; Cao and Wimmer,
1996). Virus recovered from transfections of genetically
FIG. 8. Labeling of viral proteins in vivo. Poliovirus proteins were
labeled in vivo with [35S]Translabel after infection of HeLa cells with
wild type, PV1(XL2), or chimeric, W1-P1,P2/V3/P3 virus, and an aliquot
of each reaction was immunoprecipitated with a2C antibodies. Sam-
ples of untreated and immunoprecipitated lysates were analyzed on an
SDS–12.5% polyacrylamide gel. (Lanes 1 and 2) PV1(XL2)- and W1-
P1,P2/V3/P3-infected HeLa cell lysates, respectively. (Lanes 3 and 4)
Immunoprecipitation of PV1(XL2) and W1-P1,P2/V3/P3-infected cell ly-
sates with a2C antibodies, respectively.
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engineered RNA encoding two VPgs always had the
second VPg deleted or genetically altered. This result is
contrasted by the insertion of V3 into the ORF at the
2C*3A cleavage site that led to the rescue of the lethal
phenotype of XL2E3A. In fact, virus W1-P1,2/V3/P3 was
surprisingly stable over several passages, an observa-
tion suggesting that this extra peptide chain between P2
and P3 did not grossly interfere with the folding of the
large precursor and proteolytic processing. An alternate
explanation of the rescue by insertion of V3 is that the
proper assembly of the RNA replication complex re-
quires that all proteins be derived from the same
polyprotein. This does not take into consideration the
processing aberrances observed with the dicistronic
constructs.
Whether insertion of a “peptide linker” into cleavage
sites other than that of 2C*3A and 3A*3B is tolerated by
the virus, remains to be seen. However, the strategy of
inserting foreign ORFs into the polyprotein could be
tested for the delivery of foreign antigen via a poliovirus
vector.
The construct containing the IRES insert at the 3B*3C
site was also unable to produce vital poliovirus polypep-
tides, such as 2C, in a time course of up to 5–7 h (Fig. 4,
lane 4, and Fig. 5, lanes 7–11). Only on prolonged incu-
bation (lane 11) are most of the viral polypeptides seen.
To determine whether the lethal phenotype of this geno-
type is possibly due to the need of the virus not only for
3AB but also for 3BCD, we constructed plasmid
pT7PV3BE3B (Fig. 1A, w). Failure to rescue viable virus
suggests that the duplication of 3B, separated by the
IRES element, led also to polypeptides unable to be
processed to functional proteins.
An entirely unexpected observation was the enormous
delay of the 2Apro-catalyzed, primary cleavage event at
the P1*P2 site. This aberrance was apparent in transla-
tions of all dicistronic RNAs described here (Figs. 3 and
5). It is a widely accepted hypothesis that the 2Apro-
catalyzed “primary” cleavage of the enterovirus and rhi-
novirus polyprotein, severing the capsid precursor from
the nonstructural precursor, occurs soon after synthesis
of 2Apro, while the polyprotein is in statu nascendi. This
is consistent with results by Jacobson et al. (1970) sug-
gesting that in poliovirus-specific polyribosomes isolated
from infected HeLa cells, no nascent chains of .130 kDa
were detectable. However, the accumulation of precur-
sor polypeptides identified as uncleaved P1–P2 indi-
cates that in the modified poliovirus polyprotein with
interruptions C terminal to P2, the primary cleavage was
inhibited, and 3C–3CDpro-catalyzed cleavages preceded
that of the 2Apro-catalyzed P1*2A cleavage. The “primary”
cleavage by 2Apro will eventually occur but only on pro-
longed incubation. It is compelling to conclude that effi-
cient and rapid cis cleavage at the P1*P2 site in the
N-terminal portion of the polyprotein requires the folding
of the entire poliovirus polyprotein into an active entity
that we refer to as “processome.”
We previously observed that processing aberrances
are more readily apparent in the translation of viral RNAs
in vitro in HeLa cell-free extract (Molla et al., 1991) than
in vivo (unpublished results). This may be due to subop-
timal folding conditions of the large precursor in the
cell-free extract. It is possible that folding is aided in vivo
by cellular factors in short supply in vitro. We believe that
this is the reason that we have not observed the P1–P2
precursor in HeLa cells infected with W1-P1,2/V3/P3 un-
der the conditions of isotope labeling.
MATERIALS AND METHODS
Genetic engineering of DNA
All DNA manipulations were done according to stan-
dard procedures (Sambrook et al., 1989). Infectious po-
liovirus type 1 (Mahoney) cDNA, derived from pT7PV1–5
(van der Werf et al., 1986), was used for all the constructs.
Both pT7XL2–2C (Mirzayan and Wimmer, 1992; abbrevi-
ated on figures as pT7XL2) and pT7PVM contained ad-
ditional unique restriction sites in the 2C region (StuI at
nt 3833, XhoI at nt 4433, MluI at nt 4829, and HpaI at nt
5242). Plasmid pMI2CP3 (H. G. Krausslich, unpublished
results) contained the EMCV IRES (Jang and Wimmer,
1990; Palmenberg, 1984) with a 59-terminal EcoRI site
fused to the poliovirus 2C–P3 coding sequences (nt
4124–7525). All DNA fragments, made by PCR amplifica-
tion and used in cloning of the dicistronic constructs,
were fully sequenced to ensure sequence accuracy.
Dicistronic constructs
All of the dicistronic plasmids were made in a two- or
three-step cloning procedure. In the first step, the EMCV
IRES (nt 260–833) was cut out of plasmid pS32A3 (Jang et
al., 1988) with EcoRI and MscI and then fused to the
59-terminal coding sequences of one of the P2 or P3
proteins through ligation into either pUC19 (New England
BioLabs) or pBS(2) (Stratagene) vectors. An appropriate
fragment of the subclone was removed; in the second
subcloning step, it ligated into vectors derived from ei-
ther pT7XL2–2C or pT7PVM along with a fragment that
contained the C-terminal coding sequences of the up-
stream protein, two termination codons, and an EcoRI
site. All wild-type cDNA sequences of pT7XL2E2C,
pT7XL2E3A, and pT7XL2CV3A were derived from
pT7XL2–2C, and those of pT7PVE3B, pT7PVE3C,
pT7PVE3D, and pT73BE3B were derived from pT7PVM.
Poliovirus cDNA sequences listed for plasmids or oligo-
nucleotides (synthesized on an Applied Biosystem Ap-
paratus) represent plus-strand sequences. The oligonu-
cleotides used for the construction of the dicistronic
plasmids are as follows: pT7XL2E2C: a (59-GGGGAAT-
TCTTATCATTGCTTGATGACATAAGG-39, minus strand, nt
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4106–4123) and b (59-CCCAGGCCTCACCAATTACATA-
GAG-39, plus strand, nt 3837–3853, StuI site);
pT7XL2E3A: b and c (59-GGGGGAATTCTTATCATTGAAA-
CAAAGCCTCCAT-39, minus strand, nt 5093–5110); d (59-
GACCACTCCAGTATAAAGAC-39, plus strand, nt 5112–
5131) and e (59-GCACTGGGTTCAAGCTTGG-39, minus
strand, nt 6054–6072); pT7PVE3B: f (59-GGGGAATTCT-
TATCACTGGTGTCCAGCAAACAG-39, minus strand, nt
5354–5371) and g (59-CCCGCCGGCATCCTGTTTACT-
TCAAATTAC-39, plus strand, nt 4754–4774); h (59-
GAGCATACACTGGTTTAC-39, plus strand, nt 5372–5390
and e); pT7PVE3C: g and i (59-GGGGAATTCTTATCATTG-
TACCTTTGCTGTC-39, minus strand, nt 5422–5437); j (59-
GACCAGGGTTCGATTAC-39, plus strand, nt 5439–5455)
and k (59-CCCCTGCAGAGCAGGGCTGAGAGATG-39, mi-
nus strand, nt 6702–6718, PstI site); pT7PVE3D: g and l
(59-GGGGAATTCTTATCATTGACTCTGAGTGAAG-39, mi-
nus strand, nt 5971–5986); k and m (59-GTGAAATCCAGT-
GGATG-39, plus strand, nt 5988–6004); and pT7PV3BE3B:
an MluI–EcoRI fragment of pT7PVE3C and a BglII–EcoRI
fragment of pT7PVE3B were ligated into the MluI–BglII
fragment of pT7PVM.
Insertion of the V3-coding sequence between 2C and
3A
pT7XL2CV3A. All poliovirus cDNA sequences were
obtained from pT7XL2–2C (Mirzayan and Wimmer, 1992).
The HIV-1 (HXB2) gp120, V3-coding sequences were
obtained from plasmid NEV65 (Pollard et al., 1992) by
PCR amplification. The oligonucleotides used in the two
subcloning reactions are listed either above or below: n
(59-GGGGGATTCCTGTACAAGACCCAACAAC-39, plus
strand, nt 439–456, BamHI site), and o (59-GGGGGAAT-
TCACAATGTGCTTGTCTCATATTTCC-39, minus strand, nt
523–546, EcoRI site); e and p (59-GGGGAATTC-
GAAGCGTTATTTCAAGGACCA-39, plus strand, nt 5096–
5116, 3 nt changes underlined, EcoRI site); and g and q
(59-GGGGGGATCCTGGTCCTTGAAACAAAGC-39, minus
strand, nt 5099–5116, BamHI site).
In vitro transcription and RNA transfection
All plasmids were linearized with DraI and transcribed
with phage T7 RNA polymerase, and the RNA transcripts
were transfected into HeLa R19 cell monolayers through
use of the DEAE–Dextran method as described previ-
ously (van der Werf et al., 1986).
Plaque assay and one-step growth curve
Virus titers were determined by plaque assays on
HeLa R19 monolayers as described previously (Molla et
al., 1991). To measure one-step growth kinetics, HeLa
R19 monolayers (5 3 106) were infected with virus at an
m.o.i. of 10/cell. The plates were incubated at 37°C, and
the infected cells were harvested at the time points
indicated. The virus titer of the cell lysates was deter-
mined by plaque assay.
In vitro translation and SDS–PAGE
Transcript RNAs were purified by phenol–chloroform
extraction and ethanol precipitation, translated in the
presence of [35S]Translabel (1000 Ci/mM; ICN Biochemi-
cals), and processed at 30°C in HeLa cell-free extracts
for 15–18 h, as described previously (Molla et al., 1991).
Samples of the translation reactions were analyzed on
SDS–12.5% polyacrylamide gels according to the method
of Laemmli (1970). Control translation reactions without
added RNA gave no bands (data not shown).
Labeling of poliovirus proteins in vivo
HeLa cell monolayers (5 3 106) were infected with
virus at an m.o.i. of 5–10 plaque-forming units (pfu) per
cell, and at 30 min p.i., actinomycin D was added to 5
mg/ml. At 4.5 h p.i., the cells were washed and resus-
pended in DME lacking methionine. At 30 min later,
[35S]Translabel (10 mCi/ml) was added, and after a 30-
min labeling period, the cells were washed and lysed
(Reuer et al., 1990).
RT–PCR
HeLa cell monolayers (5 3 106) were infected with
virus at an m.o.i. of 5–10 pfu/cell. At 7 h p.i., the cells were
lysed, the total RNA was isolated, and one half of the
total RNA was reverse transcribed into cDNA (Wang et
al., 1989) with AMV reverse transcriptase (Boehringer-
Mannheim). The following oligonucleotides were used
for the synthesis of cDNA or for PCR primer: r (59-
GCTGTCCTTTAGTGTGTGG-39, plus strand, nt 4964–
4983) and s (59- CCTCCTGGGAGTCAACTGCTTGGAGC-
39, minus strand, nt 5180–5206). DNA synthesis was
carried out according to the method of Saiki et al. (1985)
with primers r and s and thermostable Taq DNA poly-
merase (Perkin-Elmer Cetus).
RNA sequencing
HeLa cell monolayers (5 3 106) were infected with
virus at an m.o.i. of 10 pfu/cell. At 7 h p.i., the cells were
lysed, and total cytoplasmic RNA was extracted as de-
scribed previously (Paul et al., 1994). After cDNA synthe-
sis by AMV reverse transcriptase sequencing was car-
ried out by the dideoxy chain-termination method
(Sanger et al., 1977) using [35S]dATP.
Monoclonal antibodies and immunoprecipitation
Monoclonal antibodies to purified 3Dpol, 3AB, and 2C
were made according to standard methods (Harlow and
Lane, 1988). Poliovirus 3Dpol was expressed in Esche-
richia coli from plasmid pT5T-3D, a kind gift of Dr. Karla
Kirkegaard. The enzyme was purified according to the
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method generously communicated to us by J. Hansen, A.
Long, and S. Schultz. The expression and purification of
3AB have been described previously (Lama et al., 1994).
Protein 2C, containing a histidine tag at the N terminus,
was expressed in baculovirus and purified on a nickel
column (Liu Chong and Wimmer, unpublished results).
[35S]Methionine-labeled poliovirus proteins were im-
munoprecipitated according to standard methods (Har-
low and Lane, 1988) and were analyzed by SDS–PAGE
(Laemmli et al., 1970).
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